We have developed an advanced data assimilation system for a global ozone simulation model with a four-dimensional ensemble Kalman filter (EnKF). Satellite-measured total column ozone data known as EP/TOMS version 8 were assimilated. Two-month data assimilation cycle experiments were performed from January to February 2001 with three different observing density settings: i) full use of EP/TOMS data points, ii) reduced use of the data points at 1/10, and iii) reduced use of the data points at 1/100. For comparison, additional data assimilation experiments were performed with Newtonian relaxation or a nudging technique. In the case of full use of EP/TOMS data points, the EnKF outperformed the nudging technique by approximately 30% in terms of the root mean square difference in the northern hemisphere midlatitudes. Moreover, the reduced use of EP/TOMS data points demonstrated that the EnKF data assimilation was robust and stable, while the nudging technique was vulnerable to the decrease in observations. Overall, the EnKF is a promising data assimilation technique for the total column ozone and is usable for operational applications.
Introduction
There is a growing need for advanced data assimilation of atmospheric ozone measurements. Results of these data assimilations are valuable for operational ozone forecasts as well as for enhancement of ozone science. Accordingly, various ozone data assimilation systems have extended from simple techniques such as Newtonian relaxation (a.k.a. nudging, e.g., Sekiyama and Shibata 2005) and optimal interpolation (OI; e.g., Levelt et al. 1998) to advanced techniques such as the four-dimensional variational method (4D-Var, e.g., Errera et al. 2008; Schwinger and Elbern 2010) or the Kalman filter (Kiesewetter et al. 2010) .
In contrast with other data assimilation schemes, the Kalman filter explicitly provides a flow-dependent approximation of the background error statistics in integrating the observations into model simulations. Other simple schemes, such as OI and 3D-Var, usually assume that the background error statistics are spatially homogeneous, horizontally isotropic, and temporally stationary. These assumptions conflict with the actual background errors, which are significantly flow-dependent. Although the 4D-Var implicitly evolves the background error statistics, the evolution is effective only during each assimilation time window.
Furthermore, the 4D-Var involves the complexity of constructing the adjoint matrix of Jacobian of the model, which is unnecessary for the Kalman filter. In addition, whereas some Kalman filter implementation methods have been developed, the ensemble Kalman filter (EnKF) requires only the ensemble of forward model integrations to obtain the flow-dependent error statistics. These characteristics are clear advantages of EnKF when it is applied to atmospheric ozone chemistry that is very complicated and nonlinear. Wu et al. (2008) evaluated the performance of different data assimilation schemes, e.g., OI, 4D-Var, EnKF, for short-range forecasts of the surface ozone in realistic air-quality applications.
Their model, however, does not cover the stratosphere and cannot simulate the total column ozone that controls the solar ultraviolet (UV) irradiance on the earth's surface. In this study, we have developed an EnKF data assimilation system for the total column ozone, using the same simulation model as that of Sekiyama and Shibata (2005) (abbreviated as SS2005). Then we compared the EnKF assimilation results with the nudging assimilation results derived using the same SS2005 technique. A nudging technique, such as SS2005, has been a typical choice for ozone data assimilation because of its simplicity. In fact, the SS2005 system framework is operationally used for UV forecasting by the Japan Meteorological Agency (JMA).
We utilized only total column ozone measurements for the data assimilation experiments because the total column ozone information made by satellites is relatively easily gettable in near real time. In contrast, it is difficult to acquire vertical ozone information made by ozone sondes, ground-based spectrometers, and satellite instruments in near real time operationally. The real-time availability is important in operational applications. Therefore, the assessment of EnKF performance for the total column ozone is of great significance for operational ozone and UV forecasts.
Data assimilation system
The basic idea of the EnKF is that the Monte Carlo ensemble of state vectors represents the probability density function of the system's state. Although many EnKF implementation methods have been and continue to be developed, a four-dimensional Local Ensemble Transform Kalman Filter (4D-LETKF; cf., Hunt et al. 2007 ) was utilized in this study. The four-dimensional expansion allows the EnKF to assimilate asynchronous observations of the past and the future by analogy with 4D-Var.
The module for the 4D-LETKF was provided by the Numerical Prediction Division of JMA, who experimentally applied the 4D-LETKF module to numerical weather prediction models (e.g., ). The 4D-LETKF module was applied to an ozone chemistry-transport model, called MRI-CTM, which was developed by the Japan Meteorological Research Institute (MRI) (cf., SS2005; Shibata et al. 2005; Shibata and Deushi 2008) . The same 4D-LETKF core module was successfully applied to aerosol studies by Sekiyama et al. (2010; 2011) using an aerosol chemistry-transport model. MRI-CTM includes more than 50 chemical species related to the ozone in the mesosphere, stratosphere, and troposphere. These species are governed by advection, diffusion, wet/dry deposition, emission, photolysis, and homogeneous/heterogeneous chemical reactions. The meteorological field in MRI-CTM is nudged to the 6-hour interval reanalysis of the European Centre for MediumRange Weather Forecasts (ERA-40/ECMWF), using a Newtonian relaxation scheme in which the dynamic tendencies are added with a 24-hour e-folding time at each time step to reproduce realistic meteorological conditions of the global atmosphere. The MRI-CTM has 45 vertical layers in a hybrid sigma-pressure coordinate from the earth's surface to the mesopause. In this study, we incorporated MRI-CTM with the 4D-LETKF data assimilation system having an approximate 5.6° × 5.6° horizontal resolution (T21 spectrum truncation). 
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Results and discussion
A sample comparison of the Exp-A results is shown in Supplement 1, illustrating global distributions of the total column ozone, to provide an overview of the assimilation performance. These assimilation results are 00:00UTC snapshots taken on 28 February 2001, after 58 days had elapsed from the beginning of the data assimilation cycle. It is noted that the EP/TOMS output data are compiled from one-day measurements taken on 28 February along the satellite orbit; thus, the ozone distribution is horizontally discontinuous in some places.
One can immediately observe that the 4D-LETKF results (Supplement 1c, 1d, and 1e) demonstrate closer agreement with the EP/TOMS measurements (Supplement 1a), as compared to the nudging results (Supplement 1b). In general, in the nudging results, the fine details of the horizontal ozone distributions are impaired. With regard to the effect of the ensemble size on the 4D-LETKF assimilation performances, the 20-or 10-member ensembles (see Supplement 1d and 1e) provide ozone distributions similar to that of the 40-member ensemble (Supplement 1c). According to , LETKF for a NWP model was significantly stabilized with more than 20 members and did not diverge even for 10 members. The LETKF in this study behaves in a similar manner.
A quantitative comparison of Exp-A/N, -A/E40, -A/E20, and -A/E10 is shown in Fig. 1 , illustrating the RMSD in the northern hemisphere (NH) midlatitudes (19°N~53°N). The advantage of the 4D-LETKF over the nudging technique is quite obvious. The RMSD scores of Exp-A/E40, -A/E20, and -A/E10 are always better than that of Exp-A/N, and become approximately two thirds of that of Exp-A/N within several days. With regard to the effect of the ensemble size on the RMSD, Exp-A/E10 and -A/E20 show a slight delay in catching up with the performance of Exp-A/E40 during the first two weeks of the data assimilation cycle. After the first two weeks, however, all the 4D-LETKF experiments exhibit similar performance. For both the 4D-LETKF and nudging experiments, it takes more than 20 days to be stabilized.
On the other hand, Fig. 2 illustrates zonal mean vertical ozone profiles in the NH midlatitudes (19°N~53°N) derived from sonde observations, Exp-A/N, and -A/E20, respectively. The simulation results of MRI-CTM without the ozone data assimilation are additionally plotted there ("Free model run"). The sonde observations were obtained from the World Ozone and Ultraviolet Radiation Data Centre (cf., http://www.woudc.org/). Figure 2a shows the first 20-day mean concentrations from 1 January to 20 January before the data assimilation results are stabilized. Sixty-eight
Experimental design
An observational dataset, Earth Probe Total Ozone Mapping Spectrometer (EP/TOMS) Version 8, which consists of satellitemeasured total column ozone data, was used for the 4D-LETKF data assimilation system. The dataset contains daily 1.25° × 1° resolution total column ozone measurements which cover roughly 70−80% of the global surface. The data assimilation cycle was initiated at 00:00UTC on 1 January 2001 and continued for 60 days. The initial conditions were prepared by a one-year simulation that was carried out by MRI-CTM without any ozone assimilation as a spin-up. Only ozone concentration at each grid-box was treated as a control variable, while other species were not. The observation operator calculated total column ozone quantity from model variables, i.e., ozone concentration and atmospheric pressure, accumulating partial ozone columns vertically. The time window of the 4D-LETKF was 6 hours long and consisted of 4 slots with a 2-hour interval. The analysis target time was chosen to be at the third slot of the time window. Specifically, the ozone analysis was updated every 6 hours. The multiplicative spread inflation parameter was fixed to be 10% (21% covariance inflation). The localization scales were horizontally set to be 500 km and temporally 3.0 time-steps (cf., . No vertical localization was applied.
The EP/TOMS observations were assimilated after being averaged to the model resolution, where the observation error is uniformly fixed to be 5%. The total error of EP/TOMS is generally up to 5% according to the EP/TOMS Data Products User's Guide (ftp://toms.gsfc.nasa.gov/pub/eptoms/EARTHPROBE_USER GUIDE.PDF). Times of these EP/TOMS observations were supposed to be around local noon. The ensemble size was chosen to be 10, 20, or 40 members; we call these corresponding experiments Exp-A/E10, -A/E20, and -A/E40, respectively. In comparison with the 4D-LETKF experiments, a simple data assimilation experiment was performed with a nudging technique (Exp-A/N). This nudging assimilation scheme preserves a vertical ozone profile at each grid point. The e-folding time of this ozone nudging is 48 hours. The details of this nudging technique are described in SS2005.
After comparing the 4D-LETKF and the nudging technique with full-use of observations (Exp-A series), the effect of a decrease in observations on the assimilation performance was also explored. Sixty-day data assimilation experiments were performed under the same conditions as used in the Exp-A series, except for the amount of assimilated observations. The number of observations was reduced to 1/10 or 1/100, in which EP/TOMS data-points were thinned out randomly after the data averaging to model resolution. We call these 4D-LETKF experiments with 20 ensemble members Exp-B/E/10 and Exp-B/E/100, and similarly the nudging experiments Exp-B/N/10 and Exp-B/N/100.
The assimilation accuracy was measured by the root mean square difference (RMSD) between the EP/TOMS observation and the 6-hour forecast, which is defined as (E [(O t,i 
, where E [ ] denotes the spatial average, F t,i is the 6-hour forecast at time t and grid-point i, and O t,i is the corresponding observed value interpolated to the model grid.
Although independent observations should be used as the corresponding observed values in ideal situations, it is difficult to obtain other observations of the total column ozone as globally, homogeneously, and in high quality as TOMS (or its successor, the Ozone Monitoring Instrument (OMI)). We utilized not the analysis itself but the 6-hour forecast to compare with the EP/TOMS observation and, therewith, measured the analysis accuracy. The 6-hour forecast length was chosen because it is short enough to avoid a departure from the analysis and long enough to prevent oversimple assimilation schemes (e.g., direct insertion method) from achieving high marks. profiles in total are averaged for the sonde observation plot.
In contrast, Fig. 2b shows the last 20-day mean concentrations of the data assimilation cycle after the data assimilation results are stabilized. Seventy-eight profiles in total are averaged for the sonde observation plot. It is shown that both the nudging and 4D-LETKF assimilations have a similar feature in modifications of ozone vertical profiles: an ozone deficit near the tropopause is compensated by increasing in the vicinity of the ozone peak height.
One of the advantages of Kalman filter is that it explicitly provides the error statistics. In the case of LETKF or other ensemble Kalman filters, the ensemble spread size represents the state uncertainty estimated on the basis of the error statistics. Supplement 2 illustrates the initial ensemble spread of the stratospheric ozone analysis on 28 February 2001 made by the 4D-LETKF (Exp-A/E20 experiment). The initial ensemble spread tends to be larger in the lowermost stratosphere in which ozone concentration varies substantially from day to day, whereas much smaller in the middle stratosphere in which ozone concentration stays stable. These characteristics shown in Supplement 2 indicate that the 4D-LETKF data assimilation system has kept the statistically good performance.
The effect of a decrease in the observational data-points on the assimilation performance is shown in Fig. 3, illustrating In contrast, although it takes 30 days for Exp-B/E/10 (4D-LETKF with the usage of 1/10 observations) to catch up to Exp-A/E20 (4D-LETKF with the usage of full observations), these two 4D-LETKF experiments perform in a similar manner after the first 30 days. Exp-B/E/100 (4D-LETKF with the usage of 1/100 observations) requires more than 40 days to catch up to the performance of Exp-A/E20 and -B/E/10, and the errors of Exp-B/E/100 are several DU larger than those of Exp-A/E20 and -B/E/10 in the stabilized stage. Still, the performance of Exp-B/E/100 is better than that of Exp-A/N. The 4D-LETKF results show very little change upon a decrease in data size. The errors of Exp-B/N/10 and -B/N/100 (i.e., the nudging results) are approximately twice those of Exp-B/E/10 and -B/E/100 (i.e., the 4D-LETKF results) after being stabilized.
Satellite datasets often include missing observations: e.g., EP/ TOMS cannot cover a half of the tropical region (cf., Supplement 1a) and sometimes stops its observation for several hours due to some technical reasons. Furthermore, generally speaking, the data qualities of satellite observations are not uniformly distributed and are often dependent on the earth surface conditions. If the criteria of data quality are set high, some of the satellite observations cannot be used for data assimilation. Therefore, the robustness of the 4D-LETKF assimilation for random data reduction is of great benefit when using satellite observations operationally.
Summary and future work
We developed a 4D-LETKF data assimilation system for satellite-measured total column ozone observations. The 4D-LETKF system successfully performed and reproduced more accurate total column ozone distributions than the nudging technique of SS2005. These experiments were conducted using the same ozone simulation model under the same experimental conditions. The 4D-LETKF system worked well with only 10 ensemble members.
Quantitatively, the 6-hour forecast RMSD in the NH midlatitudes of the 4D-LETKF assimilation experiments were approximately two thirds of those of the nudging assimilation. The RMSD scores of the nudging assimilation significantly deteriorated with a decrease in observational data-points assimilated to the system. In contrast, the RMSD scores of the 4D-LETKF assimilation were almost undisturbed after adequate time as the observational data size changed, even if the number of observational data-points was reduced to 1/10 or 1/100 of the original EP/TOMS data amount.
The 4D-LETKF assimilation is evidently robust and stable. This promising technique must be used to furnish initial conditions for the total column ozone forecast operationally with the high quality usage of TOMS or OMI observations. In the next step, the predictability of the total column ozone longer than 6 hours with this 4D-LETKF system should be assessed, as with SS2005.
